A combined process consisted of a Moving-Bed Biofilm Reactor (MBBR) and chemical coagulation was investigated for textile wastewater treatment. The pilot scale MBBR system is composed of three MBBRs (anaerobic, aerobic-1 and aerobic-2 in series), each reactor was filled with 20% (v/v) of polyurethane-activated carbon (PU-AC) carrier for biological treatment followed by chemical coagulation with FeCl 2 .In the MBBR process, 85% of COD and 70% of color (influent COD ¼ 807.5 mg/L and color ¼ 3,400 PtCo unit) were removed using relatively low MLSS concentration and short hydraulic retention time (HRT ¼ 44 hr). The biologically treated dyeing wastewater was subjected to chemical coagulation. After coagulation with FeCl 2 , 95% of COD and 97% of color were removed overall. The combined process of MBBR and chemical coagulation has promising potential for dyeing wastewater treatment.
Introduction
The textile wastewater discharged from the printing and dyeing processes is characterized by considerable amount of suspended solids and weakly biodegradable substances such as additives, detergents, surfactants and dyes (Alinsafi et al., 2006) . It exhibits highly fluctuating pH, high temperature and COD concentration. Tightening government legislation is forcing textile industries to treat their waste effluent to satisfy increasingly high standards. Many attempts have been made to treat textile wastewater using conventional wastewater treatment methods such as chemical coagulation, eletrochemical oxidation, filtration and biological treatment. Several methods have been developed to treat dyeing wastewater, but most of them can not be used individually because they do not adequately treat the wastewater.
In recent years, studies are focusing on hydraulic systems combining the advantages of suspended growth and the biofilm system. The Moving Bed Biofilm Reactor (MBBR) has been developed as one of the most attractive hydraulic systems. MBBR is promoted mainly because more biomass in the reactor can be sustained in the reactor and thus a higher and more stable treatment efficiency may be achieved, through the use of the carrier elements of various nature and type (Ødegaard et al., 1994) .
It would be of more practical significance to the dyeing wastewater to operate the combined process in the pilot scale. Because of variability of dyeing wastewater composition, the traditional methods become inadequate. Several methods have been developed to treat dyeing wastewater, but most of them could not be used individually in full scale because of the characteristics of dyeing wastewater (Kapdan and Alparslan, 2005) .
In biological treatment of dyeing wastewater, anaerobic bacteria are often able to reduce the dyes's linkages, but are generally unable to further stabilize the dye metabolites, it would seem advantageous to follow anaerobic treatment processes with an aerobic treatment step. Anaerobic organisms can oxidize aromatic ring compounds to simpler molecules. A substantial amount of research has been conducted on ANA/AER sequential step treatment systems for degrading textile wastewaters (O'Neil et al., 2000) .
In this study, a combined process composed of anaerobic-aerobic Moving Bed Biofilm Reactors (MBBRs) and chemical coagulation were applied for the treatment of dyeing wastewater. The COD and Color removal efficiency was monitored over 70 d of operation. The results of this study may offer promising potential for the combined process for dyeing wastewater treatment.
Material and methods
The dyeing wastewater used in this study was taken from a synthetic textile dyeing factory located in Gumi industrial complex, Gumi City, Kyungpook, Korea. Its average COD, color, pH and temperature were 900 mg/L, 3200 PtCo unit, 13.0 and 42 8C, respectively (Table 1) . The continuous flow MBBR process ( Figure 1 ) for dying wastewater treatment consists of anaerobic, aerobic-1 and aerobic-2 MBBR. The pilot-scale MBBR process had three 15 L reactors (working volume) equipped with diffused aeration and mechanical stirrers for mixing of wastewater.
In this study, polyurethane-activated carbon (PU-AC) foam carrier was synthesized by slight modification of the procedure previously reported by Moe and Irvine (2001) . The polyurethane-activated carbon (PU-AC) foam carrier was made from Tween 85 surfactant (Aldrich Chemical Co., USA), Hypol 3000 prepolymer (Dow Chemical Co., USA) and powdered activated carbon (PAC, Yakuri, Japan). Surfactant solution was prepared by dissolving 30 g of Tween 85 surfactant in 1 L of deionized water, and cooling to 4 8C in a refrigerator. Hypol 3000 was heated to 55 8C in a water bath and maintained at that temperature for at least 2 hours before being combined with surfactant solution. Approximately 110 g of Hypol 3000 and 110 g of surfactant solution were added into a Teflon beaker (Nalgene, USA), vigorously mixed for 20 seconds using a plastic spoon, and then poured into an 8.5 cm-id, 12-cm long cylindrical cardboard mould. As the foaming reaction progressed, polyurethane foam expanded to fill the mould. The foam was air dried before the mould was removed. Before further testing, the impermeable ''skin'' that formed on the outermost layer of the foam (and adhered to the cardboard mould) was removed, as were the top and bottom 1 cm of each cylinder. Free surfactant was rinsed from the foam by repeatedly washing with DI water. The PU-AC carrier containing (0.5 cm £ 0.5 cm £ 0.5 cm) had a porosity of 0.82, a surface area of 7.4 m 3 /kg and a density of 136 kg/m 3 . The supporting media were added at 20% (v/v).
Anaerobic conditions were kept in a dispersed state by a mechanical stirrer and aerobic conditions were kept in a dispersed state by continuous aeration and a mechanical stirrer. 1 0.5 mol L 21 of H 2 SO 4 was added to adjust pH of the wastewater to 7 in the storage tank. Wastewater was fed and discharged by peristaltic pumps (Cole-Parmer, USA) equipped with Easy-load II pump head and MasterFlex silicone tubing. The total hydraulic retention time (HRT) in three MBBRs in series was maintained at 44 h. The chemical coagulation process was placed after the biological treatment step. 0.1 mol L 21 NaOH solution was added to adjust pH of the biological treated solution to the desired value. After this, 11 mmol/L of FeCl 2 (FeCl 2 content ¼ 14%, density ¼ 1.4 g/cm 3 , Dong-Yang Chemical Co., Korea) was added and then mixed for 2 min under rapid mixing conditions at 250 rpm and followed by slow flocculation at 70 rpm for 15 min. After settling, the supernatant was subsampled to measure COD, SS, color and pH of the solution, respectively.
Daily samples were subjected to vacuum filtration by glass microfiber filter (Whatman, GF/C filter, 1.2 mm, 4.7 cm in diameter). COD and MLSS concentrations were measured using the procedures of standard methods (APHA, 1999) . DO concentration was measured using a DO meter (Orion 810, USA). Color concentration was measured by using the PtCo method using a spectrophotometer (HACH Co., DR-2010, USA). ORP was measured using an ORP meter (Orion 290 þ , USA). In addition, the surface of PU-PAC foam media from each reactor was examined using an electron-scanning microscope (SEM, Hitachi, S-570). Extracellular polymeric substances (EPS) in the PU-AC carrier were extracted using the EDTA method (Liu and Fang, 2002) . The detailed procedure of extraction process is illustrated in Figure 2 . The total quantity of extracted EPS was measured by weight of solids after lyophilization. The content of protein in the EPS was measured by the modified Lowry method (Frølund et al., 1995) .
Results and discussion
Moving bed biofilm reactor (MBBR) process A pilot scale Moving Bed Biofilm Reactor (MBBR) system was operated to treat dyeing wastewater. Each MBBR was filled with PU-AC foam carrier by 20% (v/v). Before receiving dying wastewater, microorganisms were attached to the PU-AC foam carrier using activated sludge from a local municipal wastewater treatment plant located in Taegu, Korea. COD and color removal from real dying wastewater was tested on a batch and pilot-scale reactor to investigate the effect of PU-AC carrier addition. The suspension was incubated for approximately 7 days to encourage cell growth and the adhesion of freely suspended biomass onto the PU-AC foam carrier. Figure 3 shows COD and color reduction in the presence of PU-AC media during the biological treatment on batch-scale. 805 mg/L of COD and 3820 PtCo of color were reduced to 531 mg/L and 2800 PtCo in the activated sludge system (MLSS ¼ 4000 mg/L) and to 313 mg/L and 1850 PtCo in the MBBR system (PU-AC carrier ¼ 30%, v/v), respectively. The removal rate was 34.1% for COD and 26.8% for color in the activated sludge and 61.2% for COD and 51.6% for color in the MBBR system, respectively. It is clear that the MBBR system has higher COD and color removal rate due to higher active biomass attached to the PU-AC carrier as well as less HRT. Figure 4 shows biological COD and color removal from dyeing wastewater in a pilotscale MBBR system. The MBBR system consisted of anaerobic, aerobic-1 and aerobic-2 MBBR in series. In the anaerobic stage, mechanical stirrers were used to keep the supporting media moving, while both aeration and mechanical stirrer were used in the aerobic stages. During 70 day of continuous MBBR system operation, the influent COD and color concentration were 674-1211 mg/L and 2130-4600 PtCo unit, respectively. For the initial 10 days of reactor startup, COD and color removal was not efficient. After 10 days, however, the COD and color removal efficiency was clearly improved due to acclimation of microorganisms attached to the carrier surface. Overall, COD removal efficiency was 19.5 -41.1% in the anaerobic stage, 35.4 -55.3% in aerobic-1 stage and 2.5-31.7% in aerobic-2 stage, respectively. The color removal efficiency was 32.7 -56% in the anaerobic stage, 3.5-52.8% in aerobic-1 stage, respectively. 1.3 -33% in aerobic-2 stage, respectively. The removal efficiency of COD and color in the whole MBBR system was 85-95% and 45 -68.5%, respectively (Table 2) .
Our results show that decolorization of dyeing wastewater mainly occurs in the anaerobic stage while reduction of organic loading mainly occurs in the aerobic stage. The reducing environment prevailing in the MBBR process by the electrons releasing from the dyes and its intermetabolite products such as aromatic amines provides the color removal. The MBBR system showed a stable performance for the treatment of dyeing wastewater over the 70 days of the experiment.
During the biological treatment, DO concentration was kept at 0.1 -0.26 mg/L in the anaerobic stage and 3.8-4.2 mg/L in the aerobic stages; ORP was kept at 2 355 mV (^20) in the anaerobic stage, þ15 mV (^30) in aerobic-1 stage and þ87 mV (^20) in aerobic-2 stage ( Table 3) . The surfaces of the support media were observed using a Scanning Electron Microscope (Hitachi, S-2300, Japan) as shown in Figure 5 .
In addition, extracellular polymeric substances (EPS) in each reactor's support media were measured. During the biological treatment operation, EPS concentration was 172.4-191.5 mg/g-VSS in anaerobic MBBR, 598.4-681.4 mg/g-VSS in aerobic-1 MBBR, 368.2-505.6 mg/g-VSS in aerobic-2 MBBR, respectively (Table 3 ). The amounts of extracted EPS and protein from the PU-AC carrier in the aerobic stage were higher than those in the anaerobic stage. Pollutant removal rate in the aerobic stage was also higher than in the anaerobic stage. The EPS might be linked to several factors such as biofilm formation, microbial population attached to the carrier, pollutants adsorption and degradation and thus plays an important role in COD and color removal in dyeing wastewater treatment (Miqueleto et al., 2005; Ribeiro et al., 2005) . However, further study focused on the effect of EPS on biofilm is needed.
Extracellular polymeric substances (EPS) are metabolic products accumulating on the bacterial cell surface (Morgan et al., 1990) . They form a protective layer for the cells against the harsh external environment, and also serve as carbon and energy sources during starvation. Microbial aggregates form biofilms by creating a network of cells and extracellular polymeric substances (EPS), which include any substances of biological origin. EPS are typically reported to aid in the formation of a gel-like network that keeps bacteria together in biofilms, cause the adherence of biofilms to surfaces, and protect bacteria against noxious environmental conditions (McSwain et al., 2005) . A conventional activated sludge process generally requires 3000-4000 mg/L of MLSS concentration. In the MBBR process, however, high removal efficiency was obtained even though a relatively low MLSS (570 mg/L) concentration was maintained. The MBBR system can prevent excessive amounts of MLSS being generated and thus treatment cost of waste sludge can be reduced. Our results demonstrate that an MBBR system that uses support media or carrier is advantageous over conventional activated sludge systems in achieving efficient treatment of dyeing wastewater and reduction of sludge production.
Chemical coagulation process
The performance of biological treatment may reduce loading of pollutant such as COD and color. However, biological treatment alone was not efficient enough to satisfy the national guidelines on effluent quality in Korea. Therefore, the chemical coagulation process was placed after the biological treatment step.
After the MBBR process, the wastewater contained 115 mg/L of COD, 1020 PtCo unit of color and pH 8.7. 0.1 mol L 21 NaOH solution added to adjust pH of the biologically treated wastewater to 13. For chemical coagulation, 11 mmol/L of FeCl 2 was added and rapidly mixed at 250 rpm for 2 min followed by slow flocculation at 70 rpm for 15 min. The solution was then settled for 30 min. After chemical coagulation, the COD and color removal efficiency was 64.6% (41.1 mg/L) and 91.7% (85 PtCo unit), respectively.
Application of the combined process for dyeing wastewater treatment
Dyeing wastewater with 807.5 mg/L of COD and 3400 PtCo unit of color was continuously treated in a combined process of Moving Bed Biofilm Reactor and chemical coagulation. As shown in Figure 6 , COD and color concentration in the effluent were 115.6 mg/L and 1020 PtCo unit after biological treatment and 41.1 mg/L and 85 PtCo unit after chemical coagulation, respectively. Finally, the COD and color removal efficiency of the whole combined system (i.e. MBBR þ chemical coagulation) was 94.9% and 97.4%, respectively (Table 4) . Table 5 compares the results of COD removal from textile wastewater treatment in several different combined processes. Lin and Peng (1996) removal efficiency was 85.4% reducing COD concentration from 694 mg/L to 101 mg/L. Nicolaou and Hadjivassilis (1992) reported that a system composed of chemical coagulation, activated sludge and filteration can remove 91.3% of COD from 900 mg/L to 80 mg/L from textile wastewater. The other system composed of fluidized biofilm process, chemical coagulation and eletro-chemical oxidation removed 95% of COD from 872 mg/L to 40 mg/L (Kim et al., 2003) . In comparison with other combined systems, our MBBR-chemical coagulation process was highly competitive in dyeing wastewater treatment.
Conclusions
The purpose of this study was to evaluate the effectiveness of a pilot scale combined process of moving-bed biofilm reactor and chemical coagulation for dyeing wastewater treatment. The contribution of biological treatment by MBBR to the overall system in COD and color removal efficiency was up to 85% and 70%, respectively. In the next chemical coagulation step, 9.2% of COD and 27.9% of color were removed. Overall, 94.9% of COD and 97.4% of color were removed by the combined process. The combined process of moving-bed biofilm reactor and chemical coagulation was highly efficient in textile dyeing wastewater treatment and can satisfy the national guideline of effluent qualities in Korea. The result of this study indicates that a combined process of biological pretreatment composed of anaerobic-aerobic MBBR using PU-AC foam as carrier and chemical coagulation is a viable technique in dyeing wastewater treatment.
